abbreviatioNs CTL = cytotoxic T lymphocyte; DC = dendritic cell; HLA = human leukocyte antigen; IL = interleukin; Ke = kiloequivalent; KPS = Karnofsky Performance Scale; MST = median overall survival time; PD = progressive disease; PR = partial response; RECIST = Response Evaluation Criteria in Solid Tumors; SD = stable disease; TAA = tumor-associated antigen; WT1 = Wilms' tumor 1. Department of Neurosurgery, National Hospital Organization, Shinshu Ueda Medical Center, Ueda, Nagano, Japan obJect Dendritic cell (DC)-based vaccination is considered a potentially effective therapy against advanced cancer. The authors conducted a Phase I study to investigate the safety and immunomonitoring of Wilms' tumor 1 (WT1)-pulsed DC vaccination therapy for patients with relapsed malignant glioma. methods WT1-pulsed and/or autologous tumor lysate-pulsed DC vaccination therapy was performed in patients with relapsed malignant gliomas. Approximately 1 × 10 7 to 2 × 10 7 pulsed DCs loaded with WT1 peptide antigen and/or tumor lysate were intradermally injected into the axillary areas with OK-432, a streptococcal preparation, at 2-week intervals for at least 5-7 sessions (1 course) during an individual chemotherapy regimen. results Ten patients (3 men, 7 women; age range 24-64 years [median 39 years]) with the following tumors were enrolled: glioblastoma (6), anaplastic astrocytoma (2), anaplastic oligoastrocytoma (1), and anaplastic oligodendroglioma (1). Modified WT1 peptide-pulsed DC vaccine was administered to 7 patients, tumor lysate-pulsed DC vaccine to 2 patients, and both tumor lysate-pulsed and WT1-pulsed DC vaccine to 1 patient. The clinical response was stable disease in 5 patients with WT1-pulsed DC vaccination. In 2 of 5 patients with stable disease, neurological findings improved, and MR images showed tumor shrinkage. No serious adverse events occurred except Grade 1-2 erythema at the injection sites. WT1 tetramer analysis detected WT1-reactive cytotoxic T cells after vaccination in patients treated with WT1-pulsed therapy. Positivity for skin reaction at the injection sites was 80% (8 of 10 patients) after the first session, and positivity remained for these 8 patients after the final session. coNclusioNs This study of WT1-pulsed DC vaccination therapy demonstrated safety, immunogenicity, and feasibility in the management of relapsed malignant gliomas.
G liomas are the most common type of brain tumor. Patients with high-grade gliomas, including those with glioblastomas, have a poor prognosis. 38, 40 Despite recent multimodal treatment including surgery, radiation therapy, and chemotherapy, no significant improvement has been reported in overall survival. 1 In patients with newly diagnosed glioblastoma, the median survival time is 14.6 months, 40 and the 5-year survival rate is 9%. 39 The prognosis for those with relapsed malignant glioma is extremely poor. Therefore, a strong need exists for novel therapeutic strategies against malignant gliomas.
Immunotherapy is a new promising therapeutic approach that can specifically target tumor cells. 46 Most immunotherapeutic strategies are focused on inducing specific immune responses against tumor-associated antigens (TAAs). Several clinical trials using vaccination with synthetic peptides of TAAs have been performed. TAAs associated with glioblastomas have been described and include epidermal growth factor receptor vIII, interleukin-13Ra2 (IL-13Ra2), IL-4, Wilms' tumor 1 (WT1), survivin, and erythropoietin-producing hepatocellular receptor tyrosine kinase class A2 (EphA2). 13, 33, 35 These studies, however, have shown limited clinical efficacy.
WT1 is one of a large number of TAAs and is thought to function as an oncogene. 26, 42 WT1 was isolated as the causative gene of Wilms' tumor, which is a childhood renal tumor. The WT1 gene encodes a transcription factor that controls the transcription of various genes and is overexpressed in a variety of hematological malignancies and solid tumors, including gliomas. 12, 27 WT1 may be a target antigen for immunotherapy against these cancers.
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Phase I and II clinical trials have been conducted with the WT1 peptide to treat various cancers, and the safety and efficacy results have been promising. 10, 17, 21, 29 The WT1 antigen was designated "a cancer antigen having highest priority" in "The Prioritization of Cancer Antigens: A National Cancer Institute Pilot Project for the Acceleration of Translational Research." 6 Vaccination with dendritic cells (DCs) pulsed with TAAs is another recent promising immunotherapeutic approach for patients with carcinoma. 18, 43 DCs are hematopoietically derived cells that act as antigen-presenting cells to activate innate and adaptive immune responses. For this approach, DCs are extracted from the patient and exposed to antigens expressed by the tumor type to be treated. Recent Phase I and II studies demonstrated the safety and efficacy of DC vaccination against malignant gliomas. 5, 16, 36 Vaccination with DCs was also studied in 313 patients with high-grade gliomas. 44 The antigen sources were tumor lysate, peptides eluted from autologous tumor cells, defined peptides, and autologous tumor cells. Phase I and II data suggest that DC vaccination potentially offers a new approach in the treatment of malignant gliomas.
We previously conducted DC vaccination therapy in patients with advanced cancer and reported the safety and efficacy of these treatments. 18, 19, 43 This new DC-based vaccination approach may be an effective therapy against advanced cancer. Our protocol using mature DCs pulsed with WT1 peptide and/or using induced mature DCs from immature DCs pulsed with autologous tumor lysate against malignant gliomas has not been reported previously. Here, we investigated the safety and immunogenicity of WT1-pulsed DC vaccination therapy in patients with malignant gliomas that had relapsed after the standard treatment.
methods patients
This clinical trial was approved by the Ethical Committee of Shinshu University School of Medicine (December 2, 2008, approval number 1199) and the Ethical Committee of Matsumoto Dental University (February 25, 2010, approval number 0102). Written informed consent was obtained from each patient on a document approved by the committee of the applicable institution. Each patient had a relapsed malignant glioma. The inclusion criteria were recurrence of a malignant glioma after the standard treatment and chemotherapy-and/or radiotherapy-resistant progressive disease (PD).
dc vaccination
WT1 Class I peptides for human leukocyte antigens (HLAs) HLA-A*24:02 and HLA-A*02:01 were preferentially chosen for patients harboring HLA-A*24:02 and HLA-A*02:01/A*02:06 typing, respectively. We established the standard of WT1 expression using immunohistochemistry of cell lines. First, mRNA expression of cell lines including WT1-positive (Panc 1 and Mia-Paca2) and WT1-negative (HCT116 and MCF7) cell lines was confirmed with real-time polymerase chain reaction. WT1 immunohistochemistry of those cell lines revealed expression that was proportional to the mRNA level. In reference to those cell lines, WT1 expression was evaluated with immunohistochemical staining on paraffin-embedded tumor tissues obtained during surgery. 25 Anti-WT1 is a mouse monoclonal antibody (6F-H2, DakoCytomation). If WT1 expression was observed with immunohistochemistry, the cell line was considered positive; if no expression was observed, it was considered negative. If frozen tumor tissues were stored, a tumor lysate was prepared for loading DCs as previously described. 20, 24 DCs were prepared as previously described. 9, 18, 31, 34 According to the vaccination protocol, the DCs were cryopreserved until the day of administration. An aliquot of frozen mature DCs was thawed and loaded with 100 mg/ml HLA-A*24:02-restricted mutant WT1 peptide (residues 235-243: CYTWNQMNL) or A*02:01/A*02:06-restricted wild-type WT1 peptide (residues 126-134: RMFPNAPYL), both of which were GMP (good manufacturing practice) grade and derived from NeoMPS just before clinical use. Approximately 1 × 10 7 to 2 × 10 7 DCs were injected intradermally into the axillary areas with OK-432 (1-5 kiloequivalents [Ke]/dose), a streptococcal preparation, at 2-week intervals for at least 5 to 7 sessions (1 course) during an individual chemotherapy regimen. 28, 29 If a positive response to treatment or no adverse effect (as described below in Clinical Assessments) was observed after 1 course of vaccination, additional vaccinations were given with the patient's informed consent.
skin reactions
The skin's reaction at the injection site was examined after the first and seventh vaccinations. Redness and induration were assessed after 24, 48, and 72 hours. Any injection site reaction was measured as the maximum diameter of erythema and induration. A positive skin reaction was defined as erythema and induration of more than 3 mm.
cell surface analysis (Flow cytometry)
Peripheral blood mononuclear cells were obtained after the first and seventh vaccinations. The phenotypes of circulating T-cell populations were determined with fluorescence-activated cell sorting by measuring the total CD3 + population, the CD4 + subpopulation, the CD8 + subpopulation, the activation markers HLA-DR on CD3 + cells, CD19 and CD56 on CD3 + cells, and CD25 + on CD4 + cells, and the WT1 tetramer on CD8 + cells.
wt1 tetramer analysis
Levels of WT1-specific cytotoxic T lymphocytes (CTLs) were evaluated with tetramer analysis (Medical & Biological Laboratories Co., Ltd.) before and after the course of vaccination. 34 
clinical assessments
Patients were followed up with clinical examination and MRI every 2-3 months. The Karnofsky Performance Scale (KPS) was assessed at each visit. Tumor regression was assessed by using MRI and evaluated according to the Response Evaluation Criteria in Solid Tumors (RECIST) guidelines. Adverse effects were monitored and graded according to the National Cancer Institute Common Toxicity Criteria version 4.0.
results patient characteristics
Between June 2010 and November 2012, we treated 10 patients (3 men, 7 women; median age 39 years [range 24-64 years]), including 6 with glioblastoma, 2 with anaplastic astrocytoma, 1 with anaplastic oligoastrocytoma, and 1 with anaplastic oligodendroglioma (Table 1) . Before vaccination, each patient had undergone surgery and conventional radiotherapy and had been treated with 1 or more courses of chemotherapy. After relapse, tumor resection was performed in 4 patients, and stereotactic radiotherapy was performed in 3 patients. All except one patient received second-or third-line chemotherapy during vaccination therapy. All except one patient (Patient 3) were given oral steroids before vaccination. Before vaccination, the median KPS score was 80% (range 40%-90%).
vaccine preparation and characterization
Details of the immunological outcome of each patient after the vaccinations are listed in Tables 1 and 2 . A flow diagram for the 10 patients is shown in Fig. 1 . Seven patients received WT1 peptide-pulsed vaccination restricted to HLA-A*24:02. One patient received both tumor lysate-pulsed and WT1-A*24:02-pulsed vaccination. Two patients received tumor lysate-pulsed vaccination without WT1, because immunostaining for WT1 was negative. The immature DCs were stimulated with OK-432, a streptococcal preparation (10 mg/ml), and prostaglandin E2 (50 ng/ml; Daiichi Fine Chemical Co., Ltd.), IL-4 (5 ng/ml), and granulocyte-macrophage colony-stimulating factor (5 ng/ml) for 24 hours to produce mature DCs. 18, 19 The final yield of mature DCs was 0.37 × 10 7 to 32.75 × 10 7 cells (median 9.9 × 10 7 cells). However, Patient 4, in whom the final yield of DCs was less than 4.51 × 10 7 , had received oral steroid therapy for a long time before the onset of her brain tumor for a skin disease. A median of 0.97 × 10 7 (range 0.07 × 10 7 to 9.94 × 10 7 DCs) mature DCs were injected per vaccine lot. A median of 7 vaccinations (range 5-7 vaccinations) were given as the first course. Seven patients received more than 11 vaccinations (range 11-23 vaccinations). The total dose of OK-432 was 19-89 Ke (median 24 Ke). The maximum dose of OK-432 per session was 5 Ke. The phenotypes of the DCs were determined by the expression of CD11c, CD40, CD80, CD83, CD86, and HLA-DR.
immune response
A skin reaction was observed in 8 patients after the first and final vaccinations of the first course; in Patients 4 and 10, a skin reaction was observed only after the first vaccination. The skin reaction remained positive in all 8 patients after the final session. In 1 patient, the skin reaction after the first vaccination was negative but became positive after the seventh session. No correlation was found between skin reaction and progression-free survival or overall survival.
A tetramer assay was performed for each of the 8 patients treated with WT1-pulsed therapy. The WT1/CTL ratio was elevated after vaccination in 6 patients ( Table  2 ). In those 6 patients, a > 2-fold increase in the WT1/ CTL ratio was noted. In Patient 4, no increase in the WT1/ CTL ratio was observed. The patient had received longterm oral steroids for a skin disease before the onset of her brain tumor. Two of the 6 patients with an increased WT1/ CTL ratio had a partial response (PR) according to the RECIST during the clinical course. No correlation was found between the results of the tetramer assay and positive skin test results.
clinical outcome
Response characteristics and applied treatments after the first DC vaccination in each patient are shown in Fig.  2 . At the end of the first session of vaccinations, 5 patients showed stable disease (SD), and 5 patients showed PD. Each patient who had SD had been treated with WT1-pulsed DC therapy. One of the 6 patients with glioblastoma showed SD, but he died 6 months after the first session. In 2 of the 5 patients with SD, the KPS score improved from 40% to 50% (Patient 1) and from 70% to 80% (Patient 2). MRI of Patients 1 and 2 revealed tumor shrinkage after vaccination. A PR was noted during the continuous vaccination after the first session. Neurological findings improved in 3 patients (Patients 3-5), although their KPS scores did not improve.
With a maximum follow-up time of 21 months after the first session of DC vaccination, the final outcome was death in 5 patients. The survival time from the initial diag- nosis was 14-112 months, and that from the first DC vaccination was 12.3 months (range 4-21 months). As shown in Fig. 3 , the median overall survival time (MST) of all patients after the initial diagnosis was 26 months, and the MST of the patients with glioblastoma was 18 months (range 14-77 months). The MST of all patients after the first vaccination was 19 months, and the MST of the patients with glioblastoma was 7 months. Of the 5 patients with primary glioblastoma, 5 had PD, and 4 of them died. However, 1 patient with glioblastoma (Patient 6) survived 13 months after the first session of vaccination and was still alive 46 months after the initial diagnosis.
safety and toxicity
No Grade 3 or higher National Cancer Institute Common Toxicity Criteria toxicities associated with vaccination were found. Mild adverse events, including mild erythema at the injection site that was observed in every patient within a few days, were noted. Postvaccination fever was seen in 6 patients (60%), and fatigue was noted in 3 patients (30%).
discussion
We report here the results of a pilot study of DC-based immunotherapy targeting WT1 for patients with relapsed malignant glioma. SD was attained after the first course in 5 (62.5%) of the 8 patients who received WT1-pulsed therapy. A PR was achieved in 25% of the patients (Patients 1 and 2) during continuous vaccination after the first session. In 2 patients with favorable clinical and radiological responses, the WT1/CTL ratio was predominantly increased. In all patients except one, an increase in the ratio of peripheral WT1/CTL after WT1-pulsed DC vaccination was observed. The toxicities observed in this study were all of Grade 1 or 2 of the National Cancer Institute Common Toxicity Criteria. WT1-pulsed and/or autologous tumor lysate-pulsed DC-based vaccination may be safe and well tolerated in and feasible for the treatment of patients with relapsed malignant gliomas.
Several clinical trials using DC vaccination to treat patients with glioblastoma have been reported, and they demonstrated 1) a trend toward prolonged progression-free survival and overall survival, 2) an association between enhanced cytokine responses and vaccine responders and a correlation with survival, and 3) that DC vaccination is well tolerated and safe. 2, 7, 8, 45 DC-based vaccination has several advantages for the induction and activation of tumor antigen-specific CTLs over vaccination with CTL epitopes alone. 22 The frequency of WT1-specific CTLs does not increase after WT1 peptide vaccination therapy in patients with recurrent glioblastoma. 15 In our study, WT1-specific immune responses were markedly increased according to WT1 tetramer analysis after DC vaccination. The frequency and number of WT1-specific CTLs detected by WT1 HLA-A*2402 tetramers were increased after the DC vaccination in most patients. In 6 of 8 patients, a > 2-fold increase in the WT1/CTL ratio after WT1-pulsed DC vaccination was noted. Scheibenbogen et al. 37 reported that spontaneous WT1-specific T-cell responses were observed in patients with acute myeloid leukemia. The WT1-specific T cells may have occurred spontaneously in our patients. However, they were distinctly detected and increased after DC vaccination, indicating that our WT1-pulsed DC vaccination may have enhanced the cytokine response in our patients. Kaplan-Meier curves showed slow regression. Takahashi et al. 43 reported prolonged survival of patients with non-small cell lung cancers after treatment with DCs pulsed with the WT1 peptide antigen. A delayed separation of Kaplan-Meier survival curves is observed in almost all randomized immunotherapy trials and may occur months after the start of treatment. 14 In most clinical trials, autologous DCs are induced to mature and loaded with tumor lysate, tumor cells, or tumor-specific peptides and then infused into the patient. 4 Yamanaka et al. 47 administered both autologous mature DCs and autologous immature DCs. In a Phase I/II trial, 22 patients with recurrent malignant gliomas were immunized with a-Type 1 polarized DCs (aDC1) loaded with synthetic peptides for glioma-associated antigen epitopes and given polyinosinic-polycytidylic acid stabilized with lysine and carboxymethyl cellulose (poly-ICLC). 30 Glioma-associated antigens include erythropoietin-producing hepatocellular receptor tyrosine kinase Class A2, IL-13 receptor a2, YKL-40, and gp100. Two patients in that trial experienced objective clinical tumor regression (response rate 9%). The authors reported that the data supported the safety, immunogenicity, and preliminary clinical activity of poly-ICLC-boosted aDC1-based vaccines. Our protocol using mature DCs pulsed with WT1 peptide against malignant glioma has not been reported previously. The safety and efficacy of this protocol in patients with advanced non-small cell lung carcinoma and advanced pancreatic carcinoma have been reported. 18, 43 The most important consideration in DC-based immunotherapy is the most appropriate peptide or antigen with which to pulse the DCs that will optimally boost the tumorspecific CTL response.
11 Clinical trials of vaccine therapy using a WT1 peptide targeting the WT1 gene product have been performed in patients with various types of carcinomas, including malignant gliomas. 28, 29 A Phase I clinical trial was performed in which 3 mg of mutant WT1 peptide was given every week to evaluate its safety. 23 In 10 patients who received the peptide vaccine, no Grade 3 or 4 toxicities were observed. In addition, Grade 1 and 2 toxicities were acceptable and were considered not to have been caused by the WT1 peptide itself. A PR was observed in 1 patient (with glioblastoma), and SD was seen in 5 patients (4 with glioblastomas and 1 with breast cancer) according to the RECIST. WT1 peptide-based vaccine therapy in patients with WT1/HLA-A*24:02-positive recurrent glioblastomas was safe and produced a clinical response. 15 In this Phase I/II trial, complete response plus PR was achieved in 9.5% of the patients, and complete response plus PR plus SD was achieved in 57.1%. The results were better than those from previous reports regarding treatment for recurrent glioblastomas. WT1 expression was detected in 70 (95.9%) of 73 glial tumors examined. 12 Targeting WT1 may be particularly appropriate, because WT1 is expressed frequently in glioma tissue and is highly immunogenic for adaptive antitumor immune responses. 6, 29, 41 The timing of administration is another important factor. The majority of vaccinations were started within 1 week to 3 months after resection. 3, 4, 16, 32 However, previous reports did not describe the time of initiation of vaccination in detail. 4 In our study, 5 of 6 patients with glioblastoma had PD at the end of the first session of vaccination. Tumor growth in relapsed glioblastomas was so rapid that the performance status progressively deteriorated. With the DC vaccination approach, DCs are extracted from the patient and exposed to antigens expressed by the tumor type to be treated. A couple of months are needed before the initial vaccination can begin because of the need to obtain informed consent and the time needed to manufacture the DC vaccines. Vaccination is recommended to begin as early as possible after tumor recurrence or after resection, especially in patients with glioblastoma. 5, 47, 48 Therefore, clinical trials on patients with an initial diagnosis of glioblastoma should be planned.
Some important factors need to be considered regarding DC-based vaccination. In Patient 4, the number of DCs manufactured was extremely low compared with the others. She had received long-term oral steroids for a skin disease before the onset of her brain tumor. Vaccinated patients should be free of corticosteroid administration during all blood collections and vaccinations if possible. Limitations to the use of DC vaccination include the time, expense, and relatively low yield of isolated DCs, as well as the time required for culture and priming of the cells. Standardization of DC vaccine-manufacturing technology and quality analysis, optimization of the selection of artificial antigen peptides, and immunological efficacy analysis will be required for DC-based vaccination therapy to become standard.
Our preliminary study of patients with relapsed malignant glioma has several limitations, such as a small sample size and a group of patients who were heterogeneous with regard to histology, adjuvant therapy, and time of vaccination. However, combined treatment with WT1-pulsed DC-based vaccination and chemotherapy may be feasible, well tolerated, and promising for patients with malignant glioma. Evaluation of the clinical course after vaccination suggested that this vaccination has beneficial effects for some patients. We must stress that the efficacy and safety of DC vaccination should be evaluated using large numbers of patients and prospectively designed studies.
conclusions DC-based immunotherapy targeting WT1 was safe and feasible for the management of advanced malignant gliomas. Based on the results of our pilot study, we will continue developing more advanced clinical trials in patients with malignant gliomas.
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